Mobile group I introns are hypothesized to have arisen after invasion by endonuclease-encoding open reading frames (ORFs), which mediate their mobility. Consistent with an endonuclease-ORF invasion event, we report similarit between exonjunction sequences (the recognition site for the" mobility endonuclease) and intron sequences flanking the endonuclease ORF in the sunY gene of phage T4. Furthermore, we have demonstrated the ability of the intron-encoded endonuclease to recognize and cleave these intron sequences when present in hfsed form in synthetic constructs. These observations and accompanying splcing data are consistent with models in which the invading endonudease ORF is provided safe haven within a splicing element. In turn the intron is afforded immunity to the endonuclease product, which imparts mobility to the intron.
Mobile group I introns share the remarkable property of "homing" from intron-containing genes to cognate intronless alleles in a process that is dependent upon an intron-encoded DNA endonuclease. The site-specific endonuclease creates a double-strand break at the exon junction of the intronless allele, thereby facilitating intron acquisition via a breakinduced gene conversion event (1) (2) (3) (4) (5) (6) .
Mobile group I introns can be divided into two functionally and structurally distinct domains. The intron core sequences form the characteristic secondary and tertiary RNA structure necessary for catalyzing splicing (7, 8) . Emanating from peripheral loops in this structure are the endonucleaseencoding open reading frames (ORFs) that impart mobility (see Fig. 1A ). Circumstantial evidence from various systems supports the idea that the core and ORF sequences evolved independently. First, there are several instances of closely related group I introns containing disparate ORFs at different locations, as for example in phage T4 (9) and Neurospora (10) . Second, the discovery of a homing-type endonuclease encoded by an archaeal intron, which is structurally distinct and splices by a different pathway than the group I introns, provides compelling evidence for the independent origin of the mobility and splicing functions (11) . Finally, ORFs that encode homing-type endonucleases that also possess protein splicing activity have been found directly in protein coding sequences, independent of an RNA splicing apparatus (reviewed in refs. 6, 12, and 13).
Previous work has shown that intron mobility depends on the ORF but is independent of core sequences (14) , implicating the endonuclease ORF as the primary agent of mobility. This result is consistent with the hypothesis that mobile group I introns arose by playing host to invasive endonuclease ORFs that conferred mobile properties on the introns (2) (3) (4) (5) . Colonization of a group I intron by an endonuclease ORF could benefit both entities. The endonuclease ORF would be provided safe haven by settling in an intron that is removed by RNA splicing during gene expression, rather than in an essential gene whose function would be disrupted. The endonuclease-encoding group I intron could in turn propagate in a genome that might pressure for its removal (5, 15) .
The endonuclease ORF is posited to have colonized the intron by a cleavage event similar to that used to mobilize the intron (14) . Consistent with the endonuclease-ORF invasion hypothesis, we report that for the mobile sunY intron of phage T4 (16, 17) 8 .0/0.1 mM phenylmethanesulfonyl fluoride/20 mM 2-mercaptoethanol with leupeptin (2 pg/ml) and aprotinin (5 pg/ml)], and lysed by freeze-thawing and sonication. After centrifugation at 10,000
x g for 15 min at 40C, the soluble fraction was used in all assays. One unit of activity is defined as the amount of enzyme required to cleave 250 ng (112 fmol) of linearized target (3.38 kb) to 50%o completion in 1 min at 230C.
DNA Binding Assays. For the experiment in Fig. 2 , one of the oligonucleotides (20 (14) . Upon closer inspection, we found sequence identities between IR sequences 3' of the ORF and exon 2 (Fig. 1A) . By connecting the intron sequences flanking the ORF, we generated an ORF-less junction we term IL:IR, which is identical in 19 of 23 positions to EL:ER (Fig. 1B) . The similarity spans precisely the exon recognition sequence of I-Tev II determined by DNase I footprinting (23) (Fig. 1B) .
Functional Similarity Between Intron and Exon Sequences. To determine whether these duplexes could act as authentic substrates for the enzyme, cleavage assays were performed with these DNAs, end-labeled on either the top or the bottom strand (Fig. 2C (Fig. 2) . Therefore the 6 nt at the 3' end of IL:IR, which differ from those in IL:OL, must bear the cleavage determinants for I-Tev II. When these 6 nt were randomized to form IL:6R (Fig. 3A) , corresponding duplexes were bound by I-Tev II to an extent approaching that of EL:ER (95.7%; Fig. 3B, compare lanes 1 and 7) consistent with the binding properties of IL:OL. However, the IL:6R duplexes were cleaved to about 1/10th of EL:ER (9.3%; Fig. 3C, compare lanes 2 and 3 with lanes 11 and 12) . With -10%o cleavage, we estimate that 1 in 10 random 6-mer sequences 3' to IL would provide a cut site. These results bear on both the cleavage properties of the enzyme and consideration of the ancestral intron (see Discussion).
Splicing of ORF-Less Introns. It was of interest to determine whether an ORF-less intron that contains the IL:IR junction (Figs. 1B and 2A) can form a splicing-competent structure. We therefore compared 3' intron deletion derivatives known to be impaired in splicing (21, 24) with AORF1, a deletion construct with the precise IL:IRjunction (Fig. 4A) . We used an assay (25) (Fig. 4B) . The major bands labeled in such a reaction are intron-exon 2 (I-E2), the product of cleavage at the 5' splice site only, and intron (1), the product of cleavage at both splice sites. In this assay, the AORF1 intron containing the IL:IR junction, like the wild type, was capable of complete excision (Fig. 4B, I band, lanes 1 and 2) . In contrast, precursors from the four control alleles underwent reduced cleavage at the 5' splice site (I-E2 band of reduced intensity) and were not capable of cleavage at the 3' splice site (absence of I band) (Fig. 4B, lanes 3-6) . While the extent of intron excision was reduced in the AORF1 RNA relative to the wild type (Fig. 4B, lanes 1 and 2 , compare I and I-E2 levels) and further compromised under more restrictive splicing conditions (e.g., 3 mM rather than 30 mM MgCl2), exon ligation was shown to be accurate with AORF1 RNA (N.L., data not shown). These results indicate that although intron function is abolished by some 3' deletions, the AORF1 intron retains accurate splicing function in vitro. II recognition sequence in the exons (EL:ER) (Fig. 1) . Additionally, the ability offused IL:IR sequence of the sun Yintron to act as a substrate for its cognate endonuclease has been demonstrated (Fig. 2) . The significance of finding an I-Tev II cleavage site within the intron is supported by the specificity data provided by using degenerate oligonucleotides resembling EL:ER (Fig. 3) . Together these results support the hypothesis that endonuclease ORFs invaded introns (2-5) by a similar cleavage event to that used to mobilize the introns (14) . Further, although I-Tev II has binding specificity for IL sequences, the enzyme can cleave the DNA only when these are fused to appropriate IR sequences (Figs. 2 and 3) . Thus the presence of the ORF prevents cleavage by I-Tev II, rendering the intron immune to its own gene product, thereby ensuring donor viability in subsequent intron mobility events where the endonuclease is expressed.
A recent report notes similarities between sequences flanking the endonuclease ORFs of the Chlamydomonas eugametos and C. reinhardtii chloroplast large-subunit rRNA introns and their cognate exon junctions (26) . In a survey of alignments of exon junction sequences with ORF-flanking sequences for the five other known group I introns with freestanding endonuclease ORFs (all eight compiled in ref. 6 ), none displayed the sequence similarities observed in the Chlamydomonas and phage T4 systems (ref. 26; this study; E.R.M.T., data not shown). The absence of sequence identities in some cases is not surprising when one considers that intron sequences are under pressure to evolve to optimize splicing while accommodating the newly acquired insert. Therefore, retention of the IL binding site in the sunY intron suggests either a recent invasion event or constraints on these sequences for purposes of regulating endonuclease ORF expression (27) .
Endonuclease-ORF Invasion and Consideration of the Ancestral Intron. Although the mode of entry of the endonuclease ORF is unknown, invasion by an illegitimate double- strand-break-mediated gene conversion event is possible, given that DNA-breakage enzymes can promote illegitimate recombination (28) . Whereas any piece of DNA might in principle be captured within a double-strand break in the intron, endonuclease coding sequences would be selected, given their ability to propagate. In contrast, other sequences would tend to be lost in the streamlining process (15) .
Endonuclease-ORF invasion, which would have been tolerated only if some degree of splicing activity were maintained, is proposed to have occurred into functional introns. While the AORF1 sunY intron bearing the IL:IR junction fulfills the splicing proficiency criteria (Fig. 4) , one cannot state with certainty that exactly this sequence existed in the ancestral intron. Although this construct splices accurately, albeit at reduced efficiency (Fig. 4 and data not shown) , it lacks the peripheral P9.2 element (Fig. 1A) , which is involved in 3' splice site selection and is conserved among all three phage T4 introns (9, 24) . This raises the question of whether P9.2 was present in the ORF-less ancestral intron or whether it developed in response to endonuclease-ORF invasion of the sun Y intron to ensure efficient 3' splice site selection and then transferred to the other phage introns by recombination (29) . Regardless, the finding that P10%o of 6-mer sequences constituting IR can impart cleavage specificity (Fig. 3) implies a reasonable likelihood that the 6-nt sequence flanking IL in the ancestral intron could have been different from the designated IR sequence, while being consistent with both cleavage properties of the enzyme and splicing of the intron. Conversely, -90% of invasion events would have rendered the intron immune to self-cleavage by the endonuclease.
Models for the Evolution of Mobile Introns. A group I intron that had been colonized by an endonuclease ORF (Fig. 5, top (Fig. 5, bottom) . The unlikely scenario of the endonuclease evolving this specificity is rendered even less credible by the functional similarity observed between the intron IL:IR and the exon EL:ER sequences (Figs. 1-3) . However, one might argue that the bipartite intron would be maintained only on those infrequent occasions when the endonuclease ORFs are localized to introns for which intronless alleles that are also endonuclease targets exist (Fig. 5, model A) . The composite intron's persistence in a population would derive from its ability to engage in the extremely efficient homing process. Alternatively, the necessity for intronless alleles that are also endonuclease substrates is bypassed if the intron, containing a newly acquired endonuclease ORF, could transpose at low frequency to a nonailelic locus, predicated on the existence of an endonuclease recognition sequence at that site (Fig. 5,  model B) (4, 14) . After translocation, the intron would be located in a homing situation, with a pool of intronless alleles containing endonuclease cleavage sites available as recipients for the homing event.
Functional similarity between intron sequences flanking the endonuclease ORF and exon sequences flanking the intron (Figs. 1 and 2) is consistent with the two models in Fig.  5 . However, both models presuppose extremely rare events.
Model A not only infers the existence of cognate intronless alleles but also assumes sequence relatedness between intron and exon recognition-site sequences, shown to be highly unlikely to exist by chance alone (Fig. 3B, d [EL:ER] experiments, and unpublished statistical data). On the other hand, the intron transposition event which is posited in model B remains unproven, although evidence is beginning to mount in its favor (reviewed in refs. 1, 4, and 14) . Indeed, doublestrand-break-dependent intron mobility has been observed when exon homology has been limited to '10 bp on the two sides of the intron (M. Parker and M.B., unpublished data). Regardless, the common feature of the two pathways is that the efficient homing process would tend to stabilize the presence of the mobile intron in a population. Thus the intron, rather than falling victim to invasion by a foreign element, becomes the beneficiary of a mobility apparatus that imparts the ability to propagate. These characteristics would tend to ensure the intron's persistence in its host organism during vertical transmission, while affording the possibility to transfer horizontally to other genomes.
